Abstract: We aimed to investigate the effects of blood purification and cold saline injection sites on the transpulmonary thermodilution values. We measured the cardiac output of eight pigs in every combination of cold saline injection (left jugular and femoral veins) and blood purification sites (right jugular and femoral veins), with or without blood purification. We examined the influence of the difference between the presence and absence of blood purification, vascular sites for blood purification, and sites for cold saline injection on the transpulmonary thermodilution values. Cardiac output measured during blood purification using transpulmonary thermodilution was underestimated; however, there was no difference between vascular sites. Cardiac output measured via injection of cold saline into the femoral vein was higher than that obtained through injection of cold saline into the jugular vein, with or without blood purification.
Hemodynamic monitoring devices using transpulmonary thermodilution (TPTD) are increasingly used for hemodynamic evaluations in critically ill patients and have been associated with improved prognosis (1, 2) . Nevertheless, correct monitoring is extremely important; there have been discrepancies reported in the TPTD values when intravenous cold saline injection was administered via the jugular vein versus the femoral vein (3) (4) (5) . Furthermore, wide margins of errors were reported in the TPTD values when blood purification was both performed and discontinued (6) (7) (8) (9) . On the other hand, previous studies suggested that differences in vascular sites for blood purification do not affect TPTD values (10) .
We performed three investigations to study the effects of vascular sites for blood purification and sites for cold saline injection (as well as these factors in combination) on the TPTD values:
1. Investigating the difference between measured TPTD when blood purification is performed and discontinued 2. Investigating the difference in the TPTD values via different sites for cold saline injection (jugular versus femoral veins) 3. Investigating the difference in the TPTD values via different vascular access sites for blood purification (jugular versus femoral veins)
This examined the influence of the difference between the presence and absence of blood purification, the vascular site of blood purification, and sites for cold saline injection on the TPTD values.
MATERIALS AND METHODS
This study protocol was approved by the Fujita Health University Experimental Animal Care and Use Committee. Eight pigs (body weight: 35-40 kg) were used in this study. The TPTD hemodynamic monitoring device used was the EV1000 system (Edwards Lifesciences, Irvine, CA, USA). An indwelling catheter equipped with a temperature sensor was placed in the left femoral artery. To enable intravenous cold saline injection, central venous catheters (Certofix, B. Braun-Aesculap AG, Tuttlingen, Germany) were placed in the left jugular and left femoral veins, with the ends of each catheter placed in the superior and inferior venae cavae. Blood purification catheters (GamCath, Gambro Dialysatoren GmbH, Hechingen, Germany) were placed in the right jugular and right femoral veins. Blood purification was performed with extracorporeal circulation forming only a circuit, with no filter (Fig. 1) . Approximately 4000 IU of heparin was injected intravenously, at a continuous drip rate of 4000 IU/h. The blood flow rate was set at 80 mL/ min. Room temperature was set at 25 C, and blood returning to the body was set to be approximately 1 C cooler than the blood leaving the body. Cold saline solution was injected at a rate of 10 mL in 5 s. We evaluated the cardiac output (CO) for every pig in every combination of cold saline injection and blood purification sites and whether blood purification was performed or not. To offset the effects of duration, we changed the order of instituting the various combinations of factors. CO measurement was conducted 32 times per pig, and investigations 1 through 3 were performed and analyzed using the 256 CO measurements obtained from the eight pigs (Fig. 2) . Furthermore, we calculated the mean transit time (MTt) and downslope time (DSt) that constitute the thermodilution curve parameters using the formulae given below (11, 12) . MTt is the time from cold water injection until the area under the curve (AUC) of the thermodilution curve is halved. DSt is obtained from the exponential decay time of the thermodilution curve. The data thus generated is expressed as a median value (interquartile range), and statistical analysis was conducted using the Wilcoxon signed-rank test, with the significance level set at P < 0.05.
Note: GEDV (global end-diastolic volume), EVLW (extra-vascular lung water), and ITBV (intrathoracic blood volume) are all parameters measured by the EV1000 device.
RESULTS
The results of investigations 1-3 are shown in Table 1 .
Investigation 1 showed that the CO with blood purification was 2.60 (2.30-3.40) L/min, while the CO without blood purification was 2.85 (2.40-3.50) L/min, indicating a significant decrease. Furthermore, the increase in the MTt and DSt was observed when blood purification was performed. Investigation 2 compared the results when the intravenous cold saline injection site was moved from the jugular vein to the femoral vein. When blood purification was performed, the CO, measured by injecting cold saline into the femoral vein, was 2.65 (2.40-3.40) L/min, which is significantly higher than that obtained when the injection site used was the jugular vein: 2.6 (2.30-3.40) L/min. The results were the same when blood purification was not performed. MTt and DSt increased in all cases when cold saline was injected into the femoral vein. Investigation 3 showed that when comparing the results of blood purification done via the jugular vein and the femoral vein, no significant differences in the CO, MTt, and DSt values were observed. The results were consistent when cold saline injection was administered via the jugular vein and femoral vein.
DISCUSSION
Investigation 1 revealed that the CO was significantly reduced when blood purification was performed. Previous studies have shown that the CO and cardiac index significantly reduced when blood purification was performed (6) . CO is calculated using the Stewart Hamilton formula (12, 13) , as shown below:
TB: blood temperature, TI: cold saline injection temperature, V: injection volume, K: arithmetic constant, Ð TB(t)dt: thermodilution curve AUC. In short, when blood temperature, cold saline injection temperature, and injection volume remain constant, the CO is inversely correlated to the AUC of the thermodilution curve. The details of how the EV1000 calculates the AUC are not available.
Furthermore, the measurement value for the AUC is not shown. Thus, we calculated the values of MTt and DSt-which are the parameters of the thermodilution curve-based on other parameters and then investigated the factors affecting the CO measurement values. The results showed that MTt and DSt increase significantly when blood purification is performed, which is in agreement with the findings of the study conducted by Schmidt et al. (6) . In reality, the temperature of the blood returning to the body is frequently lower than the temperature of the blood leaving the body (14) . We set the blood purification circuit model used in our experiments so that the blood returning to the body would be approximately 1 C cooler than the blood leaving the body. The cold saline was then mixed with the returning blood that was already below body temperature, leading to the increase in MTt and DSt, possibly affecting the thermodilution curve (Fig. 3) .
Investigation 2 revealed that whether blood purification was performed or not, CO was significantly higher when cold saline injection was administered via the femoral vein rather than the jugular vein. Furthermore, a significant increase was observed in both the MTt and DSt. The distance to the temperature-sensor-equipped catheter is greater when cold saline is injected via the femoral vein, thus increasing the MTt, than that when cold saline is injected via the jugular vein. Additionally, it is also possible that the DSt increases due to the cold saline solution diffusing as the blood reaches the sensor; the sensor will record slight changes in temperature. Therefore, the AUC of the thermodilution curve as calculated by the EV1000 will possibly decrease, and the CO will increase (Fig. 3) . In Investigation 3, the results of the changes in vascular access sites for blood purification were compared. No change in the CO was observed when blood purification was performed via the jugular vein versus the femoral vein. In addition, these results remained unchanged even if the site for cold saline injection was changed. Sakka et al. reported that there was no difference in the patients' TPTD values when the vascular access site for blood purification was changed (10) . In Investigation 3, the patients varied in terms of body weight and the type of existing disorders; however, conditions and body weights were standardized in this study, and the results were the same: no significant difference was observed. In this study, we investigated the influence of blood purification on the CO measurement value using MTt and DSt, the parameters of the thermodilution curve. However, other factors should be investigated in future studies. Furthermore, the exact mechanism by which blood purification affects the TPTD measurement values generated by the EV1000 remains unclear. Some authors hypothesize that the effects of blood purification on TPTD measurement value may stem from the turbulence induced by the purification process (15) . In addition, in this study, the temperature of the blood returned was lower than that of the blood ejected by 1 C. However, we have not verified how much this temperature difference affects the measurement value. From now on, we will clarify the factors and mechanisms affecting the measured values by changing the difference between the temperature of the blood returned and that of the ejected blood.
CONCLUSION
The cardiac output measured via transpulmonary thermodilution decreases significantly due to blood purification; however, no significant effect was observed when the vascular access site of blood purification was changed. Investigation on the site of intravenous cold saline injection revealed that cardiac output increased significantly when cold saline injection was administered via the femoral vein with or without blood purification.
